Purpose: A numerical analysis is carried out to study the effect of pin fin geometry on the performance of microchannel heat sinks. Design/methodology/approach: A three-dimensional numerical analysis is carried out using the conjugate heat transfer module of COMSOL MULTIPHYSICS software. Initially, the study is carried out for a microchannel heat sink with elliptical pin fins of 500 µm fin height, and the results of the same are validated with the results obtained from the literature. Further, the effect of different pin fin shapes and pin fin heights is investigated in terms of Nusselt number and pressure drop. The analysis is carried out with different pin fin shapes viz. ellipse, circle, square and hexagon. The pin fin height for all channels is varied from 300 µm to 700 µm. The total surface area of the channel coming into contact with coolant is kept constant for different coolant inflow velocities. Findings: Higher values of Nusselt numbers are obtained for fin pins at larger height and high coolant inlet velocities. At coolant inlet velocity of 1 m/s, as pin fin height increases from 300 µm to 700 µm, the channel with circular pin fins shows a maximum increment of 66 % and elliptical pin fins shows a minimum increment of 40 % in terms of Nusselt number. A maximum value of Nusselt number observed is 21.36 with square pin fins of 700 µm fin height and a minimum of 6.03 Nusselt number with circular fins of 300 µm fin height. OriginalityOriginality/Value: This study is useful in appropriate selection of pin fin geometry for enhancing the performance of microchannel heat sink.
Introduction
The ever increasing challenge of increased heat removal requirement from the modern electronic equipment resulted in a significant amount of research for enhancing the effectiveness of the heat transfer equipment. The liquid-cooled microchannel heat sinks are considered to be one of the most promising solutions to this problem, due to their higher heat transfer capability. The recent advances in the microfabrication technologies have made it possible to fabricate complex geometries directly on the channel walls, making it possible its use in microelectronic cooling applications. The application of microchannel heat sinks for electronic cooling application was initially proposed by Tuckerman et al. [1] . It is now a widely accepted fact by the researchers that the finned microchannel heat sinks perform better than that without fins. The fins used for this purpose can be of different sizes and shapes. But any such arrangement or technique requires thorough analysis before its practical implementation.
Cheng [2] observed that the stacked microchannel having passive structures perform better than smooth microchannel. Jinliang et al. [3] in his work concluded that the periodic thermal developing flow is responsible for heat transfer enhancement. John et al. [4] observed that at low Reynolds number, the heat sinks with circular pin-fins shows better performance compared with heat sinks having square pin-fins and vice versa. Minghou et al. [5] experimentally analyzed pressure drop and average Nusselt number and developed correlation for the same. Monoj et al. [6] observed that in a staggered arrangement the perforated elliptical pin fins perform better than the solid elliptic pin fins. Tullius et al. [7] numerically investigated the effect of fin shapes in minichannels and found that the optimal shape of fins is dependent on the fluid flow rate through the channel. Hafiz and Adrian [8] experimentally analyzed the condensation of saturated ethylene glycol and concluded that the circumferential pin spacing has a significant effect on the vapor-side heat-transfer enhancement ratio in tubes. Similarly, an experimental analysis was conducted for condensation of R-113 and observed that the best performing pin-fin tube gave a heat transfer enhancement of about 14 % higher than the "equivalent" two-dimensional integral-fin tube. Carlos et al. [9] concluded that the heat sink having offset micro pin fin is a good option for cooling the IC chips. Chiu et al. [10] numerically studied the heat transfer in heat sinks with micro-pin-fins with different longitudinal spacing and transverse spacing. Hafiz and Adrian [11] reported the work on the condensation of ethylene glycol and R-113 on three identical pairs of pin-fin tubes made of copper, brass, and bronze with different pin fin heights. The copper pin-fin tubes showed the highest gain in heattransfer enhancement ratio with increasing pin height. Haleh et al. [12] observed that the heat sinks could be optimized using entropy generation minimization. The empirical correlation was developed for condensate flooding angle for pin-fin tubes by Hafiz and Adrian [13] . Also, five different heatsinks with different fin spacing were investigated by them and observed that the base temperature and thermal resistance of the heat sinks decrease by decreasing the fin spacing and increase by increasing volumetric.Coolant flow rate. Saad et al. [14] experimentally investigated geometrically enhanced heat sinks by using water and concluded that water still has a lot of potential to cool the high heat generating microprocessors. Also, mini-channel heat sink geometries with varying fin spacing were tested with de-ionized water and nanofluid by them, to evaluate the heat sink performance and concluded that the value of thermal resistance reduced by reducing the fin spacing. Turker et al. [15] numerically studied the heat transfer and hydraulic performance of a single micro pin-fin with same diameters and different shapes. A semi-empirical correlation was developed by Hafiz and Adrian [16] to account for the combined effect of gravity and surface tension, and the results were found to be in good agreement with experimental data. Similarly, a higher heat transfer enhancement was observed with the staggered pin fin heat sink as compared to inline pin fins when experimentally investigated to find heat transfer performance with nanofluids. Tzer et al. [17] concluded that the Nusselt number depends on center-to-center transverse distance and is independent of the center-to-center longitudinal distance between pin fins. Jin et al. [18] in his numerical studies concluded that a reasonable heat transfer could be achieved by locating rectangular pin fin in microchannel heat sink. Microprocessor cooling with Nanofluids was investigated by Aysha M. S. et al. [19] and concluded that with an increase in Reynolds number, Cu-water nanofluid showed better trends of thermal enhancement than Al 2 O 3 -water nanofluid. Kirsch and Thol [20] investigated microchannel pin fin arrays that were manufactured using Laser Powder Bed Fusion over a range of Reynolds numbers to study its pressure loss and heat transfer capability. Hafiz [21] experimentally compared the impact of water-based nanofluids on the wall superheat, boiling heat transfer coefficient, and heat flux at atmospheric pressure conditions and validated the results with the correlation of Pioro. In the similar lines, they investigated experimentally the effect of angle of the square fin on heat transfer in copper heat sinks using water-based graphene nanoplatelets and observed that Log meant temperature difference decreases with the increase of flow rates for all tested heats sinks. Waqas and Hafiz [21] in this work experimentally investigated thermal and hydraulic performance with distilled water and nanofluids and concluded that the pumping power requirement depends upon flow rate and heat flux.
The improved performance of in case of microchannel heat sink is due to their increased heat transfer area and heat transfer coefficient. Pin fins with different shapes have different surface area and therefore perform differently. Thus, for a proper analysis for finding out the effect of varying pin fin shapes, it is essential that the heat transfer area in all the channels remain constant. So that, the change in heat transfer performance can be attributed to the fin shape. Such an analysis have not been done, to date. Therefore, a numerical analysis is carried out keeping heat transfer area in the microchannel constant with all fin shapes. The fin shapes are changed, and the height of fins are varied keeping the total surface area in the channel constant. Thus, the change in heat transfer performance can be solely attributed to change in fin shape or fin height.
Numerical modeling
A three-dimensional elemental volume of a single channel is considered as representative part of the actual physical problem as shown ( Figure 1 ). Uniform heat flux is applied on channel base. The average fluid velocity in the channel, the average fluid temperature in the channel, the average pressure at the inlet and the flux entering the fluid is found out for calculating the Nusselt number, Reynolds number, and Fanning friction factor. Following assumptions are considered during numerical analysis, to simplify the problem.
1. Flow considered through control volume is steady and incompressible.
2. Laminar flow enters the channel with uniform velocity.
3. The thermo-physical properties of both the fluid and the solid are temperature independent.
4. Heat is applied to the channel substrate, and no radiation heat transfer takes place.
The following governing eqs (1)- (4) are used to describe the fluid flow and heat transfer in this analysis.
Continuity equation
Conservation of momentum
Conservation of energy
The results in this paper, are presented by comparing the Nusselt number, Nu, and pressure drop in channels for different fin shapes using eqs (5)- (7). The Reynolds number (Re) depends on the density (ρ), average axial velocity (u), the hydraulic diameter of the channel (Dc), over the dynamic viscosity (μ). The average axial velocity in the channel is obtained from simulation results.
Nu is proportional to the average heat transfer coefficient (h), the hydraulic diameter of the channel (Dc), and inversely proportional to the thermal conductivity(k) of the fluid. The value of heat transfer coefficient (h) is found by knowing the normal heat flux, entering the fluid, from simulations. The Fanning friction factor(f) is calculated using equation (7).
f.Re = 14.23 (7) 3 Analysis of the baseline model
In this study, a three-dimensional representative control volume of the microchannel is modeled using the conjugative heat transfer module of COMSOL MULTIPHYSICS software and is as shown (Figure 2 ). The parameters used for the baseline model analysis are shown (Table 1) . Elliptical pin fins of 500 µm height and having 100 µm minor radius and 150 µm major radius is used in the baseline model. Nine pin fins are located along the channel base centerline with major radius parallel to channel axis. The material chosen for the microchannel is copper, due to its higher thermal conductivity and coolant used is water. The boundary conditions applied to the representative control volume for the analysis are as shown in (Table  2 ). The laminar flow with a uniform velocity enters the channel at 293.15 K, and no-slip boundary condition is considered at the interior contact walls of the channel and the fluid. Atmospheric pressure is assigned at the fluid outlet boundary. The heat entering through the channel base is conducted through the metal to all sides of the channel and is transferred to the coolant by convection. Therefore, being a conjugative heat transfer problem, the conjugative heat transfer module of the software is used for the numerical analysis. Figure 3(a)-(e) . Average element quality in the above cases are 0.6075, 0.6632, 0.6885, 0.7206, and 0.7297 respectively. The computational results for channel outlet temperature and average velocity in the channel were as shown in the Figure 4 (a) and (b) respectively. From the figures, It is observed that after the fourth configuration, further increasing the number of elements, have a negligible effect on the results. Also, the values of outlet temperature and average velocity are having less than 0.8 % error. Therefore, the fourth case is considered for further simulations. 
Analysis of microchannel with different pin fins shapes
This work is done to understand how the shape of pin fins located on the channel base, effects the thermal performance of the heat sink. The four different pin fins shapes, considered for comparison in this study, are the ellipse, circle, hexagon, and square. The height of fins is varied from 300 µm to 700 µm. Nine pin fins with 1000 µm spacing are located, along the channel base centerline for all configurations.
The heat transfer area of the heat sink, having elliptical pin fins of 500 um height, having 150 µm major radius and 100 µm minor radius, used in the previous section is calculated. The same constant heat transfer area is used to design the other microchannel heat sinks with pin fins of different shapes. Therefore, shorter fins have wider cross-sections than longer fins.
The flow is considered to be fully developed and laminar with a low inlet flow velocity values ranging from 0.2 m/s to 1 m/s. Therefore, the Reynolds number values are small and are below 1100. Since our focus is on the effect of the shape of pin fin inside the channel, the thermal properties of the material used are also assumed to be constant. The microchannels with different shapes of pin fins in it considered in the current study is as shown Figure 6 The flow reversals and eddies observed with different types of fins can be seen in Figure 6 and Figure 7 . Also, the variation in the amount of unobstructed flow, between the channel wall and the row of fins with different fin shapes can be seen in Figure 6 .
Parametric study
In the present analysis, the effect of the pin fin geometry is studied for different fluid inlet velocity ranging from 0.2 m/s to 1 m/s. The validated model, used in the previous section is used to study the effect of different pin fin shapes and pin fin heights. The pin fins shapes and pin fin heights are varied, keeping the surface area of the channel in contact with the fluid to be constant for all the cases. The performance of the heat sink is presented in terms of Nusselt number, pressure drop and the Fanning friction factor in the channels.
Pressure drop
The pressure drop in the channel with different fluid average velocities due to different fin shapes and height are as shown Figure 9 (a)−(e). The maximum value of pressure drop is observed in a channel with 700 µm fin height and minimum pressure drop in 300 µm fin height, as shown in Figure 9 Pa, are observed with circular fins and elliptical fins respectively with 500 µm, 600 µm, and 700 µm fin height. The pressure drop is found to increase with average coolant velocity in the channel for all types of fins. It can also be observed that as the fin height increases, the pressure drop in the channel also increases. Higher obstruction in the vertical direction, due to increased fin height, results in higher values of pressure drop. The hexagonal and square pin fins performance is in between that of elliptic and circular fins. This trend is uniformly observed for all fin shapes and all fin heights from 300 µm to 700 µm fin height, except with 300 µm fin height. The minimum pressure drop effect in case of elliptical fins can be attributed to the orientation of the major axis of elliptical fin parallel to the channel axis and minor axis perpendicular to it. This orientation results in lesser flow disturbance in the fluid flow path, leading to lower presser drop. The shapes which offer maximum flow disturbance results in maximum pressure drop. The circular fins with maximum width provide maximum flow obstruction and therefore offers maximum pressure drop. Both form drag and friction drag contribute to total pressure drop. The flow around fins of different shapes offers different amount of form drag. Thus, it is observed that pressure drop changes with the change in pin fin shape.
It is clear from Figure 9 (a) that the minimum pressure drop occurs in case of elliptical fins, and the maximum pressure drop in the channel with circular fins as shown Figure 9 (e). The variation in the pressure drop values for different shapes having 300 µm pin fin height and 1 m/s inlet velocity is 40 %. Similarly, for 700 µm fin and 1 m/s inlet velocity, the variation is 18 %.
The pressure drop in the channels for different pin fins shapes with changing fin height and different inflow velocities are as shown in Figure 10(a)-(d) . Generally, it is observed that the pressure drop is lesser with low fluid velocities and the pressure drop increases as fluid velocity increases. At low fluid velocities, wall effects are comparatively more significant. The high values of wall shear stress are the responsible factor for the pressure drop. With higher fluid velocities, the wall effect becomes relatively weaker. 
Nusselt number
The Figure 11(a) -(e) Shows the increment in Nusselt number value with Reynolds number for different fin heights and different fin shapes. It can be observed that the Nusselt number increases with increase in Reynolds number. The Reynolds number is proportional to the rise in average fluid velocity. Therefore, with higher flow velocity and a corresponding increase in Reynolds number, the disturbance in the thermal boundary layer is increased. This increase results in high-temperature gradient near the channel walls. Which in turn results in more convective heat transfer increasing the Nusselt number. Also, the flow disruptions and secondary flows created by increasing fin height and changing shape results in out of plane mixing in the boundary layer, which again results in the increment of the Nusselt number. The maximum increment in Nusselt number, i. e. the increment between minimum and maximum for a particular shape is observed more in case of extended circular fins. With shorter elliptical fins, the flow disruption is less leading to a lesser increase in Nusselt number. (Table 3) . Also, the percentage increment in Nusselt number with 1 m/s and 0.2 m/s Velocity for different shapes is as shown in (Table 4 ). The temperature distribution in the channel having 500 µm fin height with varying shapes of the fin are shown ( Figure 13, Figure 14 , Figure 15 and Figure 16 ). Fluid separation is happening around the pin fins due to its particular shape, promotes fluid mixing and thus disturb the thermal boundary layer. Thermal boundary layer also decreases with Reynolds number. All this results in increasing the Nusselt number. Therefore, increasing the Reynolds number as well as increasing fin height, result in increasing the Nusselt number. Figure 12 shows the effect of pin fin height on the Nusselt number in case of square fins, whose performance in terms of Nusselt number is best among the shapes considered in this study.
for square fins with different flow velocities.
Fanning friction factor
The variation of the Fanning friction factor with Reynolds number is shown Figure 15 . The nature of the graph is same for all pin fin heights and therefore, as a representative figure, only a single figure corresponding to the 300 µm ( Figure 17 ) is only shown. Fanning friction factor is a function of pressure loss due to wall friction. The friction factor remains same for all the channels as they are designed with a constant fluid-surface contact area. Therefore, the wall friction remains same for all channels, giving a constant Fanning friction factor" even though the shape and height of the fins are varied. 
Conclusions
A three-dimensional square channel with pin fins is numerically analyzed to observe the effect of shape and height of fins on the performance of microchannel. Four different shapes of fins are considered viz. ellipse, square, circle and hexagon.
-The baseline microchannel validated with the results obtained by Tullius et al. [3] under similar conditions is further used to study the effect of different pin fin shapes and pin fin heights.
-The shape and height of pin fins used in the microchannel have a considerable effect on the performance of the heat sink. The flow obstruction provided by the fins and corresponding flow reversals in the channel effect the microchannel performance. The pressure drop offered by the pin fin is found to be proportional to Fins height and coolant inflow velocity.
-The disturbance in the thermal boundary layer created by increasing fin height and different shapes increases the convective heat transfer thereby increasing the Nusselt number. The Fanning friction factor remains same since the wall friction in the channel remains same.
-The square pin fins are found to be the best among considered shapes in terms of thermal performance. The elliptical pin fins, on the other hand, gave less pressure drop along with a comparatively better thermal performance [22] [23] [24] [25] [26] [27] . 
